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Immunity against Bovine Herpesvirus-1
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Particle-mediated delivery was used as a method to vaccinate ruminants with a DNA vaccine. The optimal conditions for
gene gun-based delivery of gold particles into the epidermal layer of the skin were determined. After delivery of the gold
particles, an inflammatory response was observed. This response occurred regardless of the presence of plasmid and
therefore was a result of the physical disturbance of the skin by the gold particles. To identify transfected cells, a plasmid
expressing a green fluorescent protein was delivered into the skin. Fluorescent cells were located primarily in the outermost
layers of the epidermis and outside the core of gold particles deposited by the gene gun. Cattle were immunized by gene gun
with a plasmid expressing a truncated, secreted form of bovine herpesvirus-1 glycoprotein D. Serum antibody responses,
antigen-specific proliferation, and interferon-g secretion by peripheral blood lymphocytes were demonstrated. These immune
responses were found to be of long duration and sufficient magnitude to protect cattle against challenge with bovine
herpesvirus-1, which demonstrates the efficacy of gene gun-based delivery of DNA vaccines to target species. © 1999
Academic Press
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DNA immunization has rapidly become a popular
ethod for induction of protective immune responses
gainst infectious agents such as bacteria and viruses,
s well as for the treatment of disease states such as
ancer and autoimmunity (Hassett et al., 1996; Manickan
t al., 1997; Robinson et al., 1997). The effectiveness,
tility, and low cost of DNA vaccines gives them many
dvantages over traditional types of vaccines. One im-
ortant feature of DNA vaccines is their ability to gener-
te immune responses that have either a cellular or a
umoral bias (Pertmer et al., 1996; Robinson et al., 1997;
eltquate et al., 1997) The type of response is dependent
n several factors, including type and form of the antigen,
oute and method of immunization, and animal species.
mplicit from this statement is that the true effectiveness
f a DNA vaccine must be determined from its ability to
unction in the target species, using a suitable method of
elivery.
Livestock animals could benefit greatly from DNA im-
unization (Babiuk et al., 1998; Beard et al., 1998). The
ajor advantages are the low cost and the long duration
f the responses generated by DNA vaccines. The po-
ential for immunizing newborn animals and for the de-
elopment of multicomponent vaccines are also impor-
ant features for livestock vaccines. Much of the early
1 Present address: PowderJect Vaccines Inc., Madison, WI 53711.
2 To whom reprint requests should be addressed. Fax: (306) 966-r478. E-mail: vandenhurk@sask.usask.ca.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
46ork with DNA immunization involved intramuscular (IM)
njection; however, intradermal (ID) injection is a pre-
erred alternative because of the immunocompetence of
he skin (Bos and Kapsenberg, 1993; Tuting et al., 1998)
nd because it avoids the damage associated with IM
njections. Indeed, ID injection has been shown to be
ore effective than IM injection in several animal spe-
ies, including cattle and pigs (Gerdts et al., 1997; Braun
t al., 1998; Van Rooij et al., 1998; Van Drunen Littel-van
en Hurk et al., 1998). Gene gun-mediated delivery of
lasmid is also a very promising option for DNA immu-
ization. This method involves the delivery of DNA by
oating gold beads with the plasmid and propelling the
eads into the epidermal cells of the skin (Tang et al.,
992; Eisenbraun et al., 1993; Fynan et al., 1993). The
ene gun delivers plasmids into very confined sites, and
enerally, less DNA is required for effective vaccination.
ecause skin is readily replenished, there may be fewer
afety concerns with this approach than with other meth-
ds where DNA may spread to distant sites and persist
or a long time. Furthermore, because the types of cells
nvolved in transfection can be more readily determined
fter gene gun-based delivery, experimental dissection
f the mechanism of action of DNA vaccines and opti-
ization of the process may be potentiated.
Experiments in mice have demonstrated that gene
un-immunized animals typically, but not always, show a
h2-type of bias, as well as a great ability to generate
ytotoxic T-lymphocytes (CTLs) (Leitner et al., 1997; Klin-
an et al., 1998; Porgador et al., 1998). Dendritic cellsesident in the skin have been shown to be directly
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47PARTICLE-MEDIATED DNA IMMUNIZATION OF RUMINANTSransfected by plasmid delivered by gene gun (Condon et
l., 1996; Porgador et al., 1998) and appear to be primarily
esponsible for the CTL response to influenza NP anti-
en in mice (Porgador et al., 1998). There have been a
imited number of reports of gene gun delivery in nonro-
ent systems, including primates, chickens, and pigs
Kodihalli et al., 1997; Lodmell et al., 1998; Macklin et al.,
998). Immunization by gene gun generated serum anti-
odies and immunized animals were protected from vi-
us challenge; however, a detailed description of the
mmune responses induced was not provided.
Bovine herpesvirus-1 (BHV-1) is an economically im-
ortant pathogen of cattle. It is a key agent in the bovine
espiratory disease complex that costs up to $1 billion
er year in North America (Yates, 1982). Modified live and
illed vaccines have been developed for vaccination
gainst BHV-1, but they are not totally effective. We have
reviously developed a very effective subunit vaccine
ased on glycoprotein D (gD) of BHV-1 (Van Drunen
ittel-van den Hurk et al., 1993). However, it may be
ossible to further improve vaccination against BHV-1
ith DNA vaccines, specifically with respect to the du-
ation of immunity induced. We have found that ID deliv-
red plasmid expressing a truncated, secreted form of
D(tgO) induces immune responses in cattle (Braun et al.,
998; Van Drunen Littel-van den Hurk et al., 1998) and
rovides protection from viral challenge. This report de-
cribes, for the first time, the application of the gene gun
s a method to deliver DNA vaccines to ruminants. We
stablished the parameters affecting gene gun-based
elivery to ruminants, studied the reaction of the tissue
o the delivery of the gold beads, examined the cells
ransfected by plasmid, and analyzed the types of im-
une responses that may be expected from gene gun
mmunization. These data have significant implications
ot only for the potential development of DNA vaccines
or cattle but also for the application of gene gun-medi-
ted delivery to large animals in general.
RESULTS
mmune responses in mice
As a preliminary trial of the Helios gene gun, an
xperiment was conducted with mice. A single dose of
ither 1, 0.1, or 0.01 mg of pSLIAtgD was delivered into
he abdominal skin of C57BL/6 mice, and serum anti-
ody responses were followed for 4 weeks (Fig. 1).
oses of 1 and 0.1 mg of plasmid DNA generated
esponses of similar magnitude, whereas the 0.01-mg
ose induced a reduced response, although all mice
eroconverted. These results are in accordance with
hose of Eisenbraun et al. (1993), who found that 0.1 mg
f plasmid/0.25 mg of gold produced near-maximalesponses. airing conditions for ruminant tissues
Previous work has suggested that to generate the
trongest immune response to plasmid-expressed pro-
eins, gold particles must be targeted to the epidermal
ayer of the skin (Eisenbraun et al., 1993). Experiments
ere thus carried out to determine the optimal firing
onditions to deliver gold particles into the epidermis of
variety of ruminant tissues. In contrast to mouse skin,
hich has an epidermal cell layer of one or two cells, the
pidermal layer of ruminant skin offers a large target that
s typically four to six cells thick (Fig. 2A). A variety of
hysical and chemical treatments were examined to de-
ermine which aided delivery of the gold particles into
he epidermis (data not shown). For dry tissues that have
n outer layer of keratinized squamous epithelium, the
ollowing treatment was found to be optimal. Hair was
irst removed with clippers, and after soaping the area, a
lade razor was used to shave the skin. The skin was
atted dry, and tape was pressed against the area sev-
ral times to pull away the outer layer of dead skin. This
reatment was crucial for delivery with an original version
f the gene gun (Braun et al., 1998), but the Helios gene
un could efficiently deliver gold without any treatment
data not shown). However, the treatment did aid the
enetration of gold particles, and most importantly, for
ur work made the firing consistent and reduced the
ariability in the delivery of the beads, so for these
reliminary experiments aimed at illustrating proof of
oncept we chose to treat the skin as described. Dilap-
dation agents such as Nair, which are innocuous in
ice, caused severe reactions in ruminants with an
xtreme acute inflammatory response occurring within
inutes of application. A delivery pressure of 300 psi
FIG. 1. Serum antibody levels specific for gD in mice after particle-
ediated immunization with pSLIAtgD. C57BL/6 mice were immunized
n the abdomen with the gene gun, and serum antibody levels were
easured by ELISA. Each mouse was given two shots containing a
otal of 1 mg (F), 0.1 mg (E), or 0.01 mg (f) of pSLIAtgD. Each shot
onsisted of 0.25 mg of gold and 1.25 mg of plasmid in which the null
lasmid pSLIA0 was used to bring the total amount of DNA to a
onstant amount between groups. The values represent the average
ptical density 6SEM at 405/490 nm and a serum dilution of 1:2560.llowed gold particle penetration through approximately
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48 BRAUN ET AL.ix to eight layers of cells. In dry tissues (hip, neck,
uxiliary regions, thighs, caudal fold, ears), this resulted
n gold particle deposition throughout the epidermis with
ome entering into the dermal layer. For untreated moist
issue such as tongue or nasal passage, 300 psi of
elium delivered gold particles into the epithelial layer.
ecause the gene gun can contain 12 bullets, the immu-
FIG. 2. Tissue inflammatory reaction in response to gold particle deli
nto sheep inguinal skin, placed in formalin, and stained by hematoxyl
un-mediated delivery of gold: (A) 0 h, (B) 4 h, (C) 24 h, and (D) 96 h. A
pustule in (D). Magnification: 5003.izations were rapid and painless. wissue response to gene gun-mediated delivery of
old particles
To determine the effects of the gold particles on the
kin, a histological examination of tissue sections was
erformed at various times after delivery. Using a firing
ressure of 300 psi and 0.25 mg of gold per shot (with or
in biopsies were taken at various times after delivery of gold particles
eosin as described in Materials and Methods. Time points after gene
ndicate the epidermal layer in (A), neutrophil accumulation in (B), andvery. Sk
in and
rrows iithout plasmid coating), an infiltration of neutrophils to
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49PARTICLE-MEDIATED DNA IMMUNIZATION OF RUMINANTShe epidermal layer was seen within 4 h (Fig. 2B). At this
ime, the epidermal layer was still recognizable, although
hanges in the cells were apparent. Between 24 and
8 h, large numbers of neutrophils migrated to the site
Fig. 2C), and the epidermal layer was not readily iden-
ifiable. Many neutrophils accumulated under the keratin
ayer and formed pustules, whereas an increase in cells
uch as monocytes also occurred within the dermis.
lasma cells and lymphocytes were found to traffic into
he dermal region as inflammation progressed. At 4 days
fter delivery of the gold, many of the pustules had
loughed off, and the epidermal layer was renewed (Fig.
D). Increased numbers of cells were still present in the
ermis at this time. This response is a typical inflamma-
ory reaction of the skin.
The inflammation occurred regardless of the presence
f plasmid on the gold beads, suggesting that the re-
ponse was due to the delivery of gold, and not a re-
ponse to bacterial DNA. Delivery of gold by the gene
un resulted in a central core with a high density of
articles and an outer ring with a diffusion of particle
ensity. Sections cut from the outer ring showed in-
reased cell numbers in the dermis and some infiltration
f neutrophils, but overall the reaction was muted in
omparison to the central core, presumably because of
he reduced pressure and gold particle density occurring
n the outer region. Delivery into untreated skin resulted
n similar inflammatory responses, again indicating that
t was not the skin treatment that caused the inflamma-
ion but the delivery of gold. Reduction in either the
mount of gold particles or firing pressure decreased the
nflammation, although under all conditions, some in-
lammatory response occurred (data not shown).
rotein expression after gene gun-mediated delivery
f green fluorescent protein (GFP)-encoding plasmid
To measure the level and location of protein expres-
ion in the ruminant skin after gene gun-mediated plas-
id delivery, plasmid expressing GFP was delivered to
he inguinal area of sheep and the neck of cattle. Cells
xpressing the GFP were visualized by fluorescent mi-
roscopy of sections cut from frozen tissues. One inter-
sting feature immediately apparent from these studies
as that under standard conditions (300 psi, 0.25 mg of
old), the central core of the gene gun shot was not the
rea of highest gene expression. Given the strong in-
lammatory response measured in the core, the reduced
xpression could be the result of the tissue damage
roduced by the gene gun shot. Examination of sections
or GFP expression, inflammation, and gold particles
emonstrated that the core had a very dense distribution
f gold, a strong inflammatory response, but little, if any,
FP expression (Fig. 3A). Sections peripheral to the
entral core showed reduced amounts of gold, less se-
ere inflammation, and higher levels of GFP expression tFig. 3B). We examined several different conditions and
ound that delivery at lower pressure (150 psi) or lower
old density (0.125, 0.08, or 0.05 mg) reduced inflamma-
ion in the core with an increase in the expression of
FP. Expression in the outer ring, however, was found to
ecrease as the threshold for either gold particle number
r firing pressure decreased.
Cells that expressed the GFP were typically near the
eratin layer, with most orientated horizontally in the skin
Fig. 3B). Individual keratinocytes expressing GFP could
e identified when the emission level of the fluorescent
ight source was decreased (Fig. 3C). Several skin sec-
ions were examined that had been shot with gold par-
icles under a variety of pressures and gold densities.
lthough we could deliver considerable numbers of gold
articles throughout the epidermis and into the dermis,
one of the conditions resulted in strong protein expres-
ion in the lowest part of the epidermis or in the dermis.
ene expression past the first few layers of skin cells
as rare, and when found, the GFP was characteristi-
ally expressed at a lower level. The time course of
xpression showed that as little as 4 h after delivery of
lasmid, fluorescent protein could be found in the cells.
t 24 h, the number and fluorescent intensity of cells
ncreased and remained high throughout 48 h. By day 4,
luorescent cells were still detectable, although the num-
ers were greatly reduced (data not shown).
ffects of gold particle type and firing pressure on
he immune response in cattle
To analyse the immune responses of cattle to protein
xpressed from plasmid delivered by the gene gun, the
ffect of the type of gold bead and the firing pressure on
he response was first determined. Calves were admin-
stered 10 shots in the neck, with 1.25 mg of pSLIAtgD
nd 0.25 mg of gold per shot. Group 1 received 1.6-mm
old beads using a pressure of 300 psi, group 2 received
- to 3-mm gold beads using 300 psi, and group 3 re-
eived 1- to 3-mm gold beads using 450 psi. Antigen-
pecific proliferation of peripheral blood mononuclear
ells (PBMCs) isolated 3 weeks after immunization indi-
ated that animals in group 1 responded better than
hose in group 2 or 3, although the differences were not
tatistically significant (Fig. 4). However, the cattle in
roup 1 did have significantly (P , 0.05) stronger prolif-
rative responses than the control animals. No tgD-
pecific antibody was found in the serum of the animals.
mmune responses in cattle vaccinated with
gD-encoding plasmid
The animals in group 1, which had the strongest gD-
pecific proliferative responses, were further compared
ith the group of control calves. After the primary immu-
ization, the animals given tgD-encoding plasmid withhe gene gun showed strong proliferative responses,
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50 BRAUN ET AL.hich were comparable to the responses of animals
dministered 403 more DNA by intradermal injection
van Drunen Littel-van den Hurk et al., 1998). Proliferative
esponses remained strong for 12 weeks, until the ani-
als were reimmunized (Fig. 5A). These animals showed
o detectable antibody production (Fig. 5B). The ELIS-
OT assay showed that the tgD DNA vaccine induced
onsiderable numbers of interferon-g (IFN-g)-secreting
ells (Fig. 5C).
After a secondary immunization, animals immunized
ith tgD-encoding plasmid with the gene gun showed an
ncrease in serum antibody levels, a rise in proliferative
esponses, and enhanced IFN-g production (Figs. 5A–
C). Although the serum antibody levels in tgD plasmid-
mmunized animals rose slowly, they appeared to be
aintained for a long period of time. The subclass of the
ntibodies in the serum of the vaccinated animals was
ound to be predominantly IgG1 over IgG2 (data not
hown).
rotection from challenge with BHV-1
Five months after the secondary immunization, the
nimals were challenged with BHV-1 to determine the
evel of protection rendered by the vaccinations. At the
ime of challenge, the vaccinated animals had signifi-
FIG. 3. Expression of GFP-encoding plasmid in skin after gene gun-m
nd shot into sheep inguinal skin. After 24 h, skin punch biopsies wer
nd Methods. (A) Large numbers of gold beads are present (arrows), b
n the outer surface. (C) Individual transfected keratinocytes are showediated delivery. The GFP-encoding plasmid was coated onto gold particles
e taken, processed, and prepared for microscopy as described in Materials
ut no cells exhibit fluorescence. (B) A series of fluorescent cells are apparentantly higher serum IgG levels than the control animals pFIG. 4. Effect of type of gold particle and firing pressure on the
gD-specific immune response in cattle after gene gun-mediated im-
unization with pSLIAtgD. PBMCs were isolated 3 weeks after immu-
ization, and proliferative responses were measured after in vitro
timulation with 1 mg/ml gD. Antigen-specific lymphocyte proliferation
as measured in triplicate wells and expressed as mean stimulation
ndex. The values are the average 6 SEM of the stimulation indices of
ndividual immunized animals in each group. Group 1, immunized with
.6-mm gold beads and 300 psi of helium pressure (n); group 2,
mmunized with 1- to 3-mm gold beads and 300 psi of helium pressure
1), group 3, immunized with 1- to 3-mm gold beads and 450 psi helium
ressure (p), and group 4, immunized with pSLIA0 (o). All gene gun-
mmunized animals received 10 shots in the neck with 1.25 mg of
lasmid and 0.25 mg gold per shot.
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51PARTICLE-MEDIATED DNA IMMUNIZATION OF RUMINANTSP , 0.05; Fig. 6A). Accordingly, the neutralizing antibody
iters were also higher in the tgD plasmid-vaccinated
alves than in the control animals (Fig. 6C). However, the
ifference between the IgA levels in the vaccinated and
ontrol animals was not significant (Fig. 6A). By day 8
ostchallenge, the neutralizing serum antibody titers in
he vaccinated group increased significantly (P , 0.05),
hereas hardly any increase was observed in the control
roup, which is suggestive of an anamnestic response.
he IgG levels were also significantly higher in the vac-
inated group compared with the control group, but the
ifference between the IgA levels in the vaccinated and
ontrol groups was not significant.
Before challenge, low levels of neutralizing antibodies
ere measured in the nasal fluids (Fig. 6D), which may
e attributed to the presence of low amounts of both IgG
nd IgA (Fig. 6B). By day 8 postchallenge, the nasal
eutralizing antibody titers were significantly higher in
he vaccinated animals than in the control calves (P ,
.05), which correlated with enhanced levels of IgG and
gA in the nasal fluids of the vaccinated animals (Figs. 6B
nd 6D). Accordingly, significant differences in the
mounts of virus shed postchallenge were detected
mong the groups (Fig. 6E). With exception of day 4, the
lasmid-immunized animals shed significantly lower
mounts of virus (P , 0.05) and cleared the virus more
apidly compared with controls, which indicates that vac-
ination with tgD-encoding plasmid induced a protective
mmune response.
DISCUSSION
Immunization with plasmid DNA represents a novel
eans to generate protective immunity (Hassett et al.,
996; Manickan et al., 1997; Robinson et al., 1997). DNA
accines have several advantages over conventional
accines, including the potential to direct immune re-
ponses, immunize neonates and use multicomponent
accines. However, effective immunization of large ani-
als requires high doses of plasmid (Van Drunen Littel-
an den Hurk et al., 1998). Furthermore, the level and
uration of the immune responses could be improved.
he use of a gene gun for immunization may help resolve
ome of these disadvantages. Gene gun-mediated deliv-
ry requires a lower dose of DNA, which would not only
e less costly but also may reduce any undesirable side
ffects associated with large doses of plasmid DNA,
uch as nonspecific immunostimulation or distribution to
istant sites. The skin is an immunologically active tis-
ue that has a continual turnover of cells that may avoid
ong-term adverse effects (Bos and Kapsenberg, 1993;
ownsend et al., 1997). Because the DNA immunization
echnology is still relatively new, it is important to docu-
ent the types of responses that may be expected in
ifferent species, by different routes, and different typesFIG. 5. Primary and secondary immune responses of cattle immu-
ized with tgD-encoding plasmid. Animals were immunized with the
ene gun, with 10 shots of 1.25 mg of pSLIAtgD or pSLIA0 in the neck.
hey received a second immunization at week 12 (arrow). (A) Antigen-
pecific proliferation of PBMCs isolated at various times after immuni-
ation and stimulated in vitro with 1 mg/ml gD. The results represent the
verage of triplicate wells and are expressed as mean stimulation
ndex. pSLIAtgD-immunized animals (filled columns) and control ani-
als (hatched columns). (B) Glycoprotein D-specific serum antibody
evels as measured by ELISA. The values represent the optical density
t 405/490 nm and a serum dilution of 1:160. pSLIAtgD-immunized
nimals (f) and control animals (E). (C) IFN-g secretion by PBMCs
solated 3 weeks after primary and secondary immunization and stim-
lated in vitro with 1 mg/ml gD. pSLIAtgD-immunized animals (filled
olumns) and control animals (hatched columns). Values are the aver-f plasmids. This work describes the first application of
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52 BRAUN ET AL.ene gun technology to the vaccination of ruminants. Our
esults suggest that this is feasible and that strong,
ong-lived responses may be expected from this method
f immunization.
The search for target sites showed that gold beads
ould be delivered readily into most tissues. Ideally sites
hould need little preparation and be of suitable compe-
ence to generate the desired response. The most ap-
FIG. 6. Antibody responses and virus shedding in animals challen
ostchallenge. (B) Nasal IgG and IgA levels prechallenge and 11 day
LISA. The values represent the optical density at 405/490 nm and a dil
iters, expressed as a 50% endpoint using 100 PFU of BHV-1. (D) Nasal
HV-1. (E) Virus shedding expressed as the number of virus particles
ontrol animals (E). Values are the average 6 SEM of individual animropriate site for immunization depends on many factors tuch as the particular disease, the animal’s age, and the
pecies. In livestock, for example, accessibility will be
ore important than in other species. For our trials, we
hose the neck because of the accessibility and be-
ause our target is a respiratory virus; the plasmid de-
ivered to the neck may target the same draining lymph
odes that respond to viral infection.
There could be a considerable inflammatory reaction
ith BHV-1. (A) Serum IgG and IgA levels prechallenge and 11 days
hallenge. Glycoprotein D-specific antibody levels were measured by
1:160 of serum and 1:40 of nasal fluid. (C) Serum neutralizing antibody
lizing antibody titers, expressed as a 50% end point using 100 PFU of
ured by plaque-forming assay. pSLIAtgD-immunized animals (f) and
hin each group.ged w
s postc
ution of
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53PARTICLE-MEDIATED DNA IMMUNIZATION OF RUMINANTSore of the gene gun shot, higher levels of gold and
nflammation were observed, but lower protein expres-
ion, than in the outer ring. Recent results by others have
emonstrated increased numbers of dendritic cells traf-
icking to lymph nodes after gene gun immunization
Porgador et al., 1998), suggesting a response to the
hysical perturbation of the skin; however, no examina-
ion of the inflammatory response in the skin was carried
ut. The use of screens on the gene gun may better
isperse the gold and reduce the inflammation. How-
ver, when five times less gold was delivered, neutrophil
nfiltration still occurred, so there probably will always be
ome response of the tissue to the gun shot. Although
nflammation and infiltration by immune cells may be
xpected to produce proinflammatory cytokines that di-
ect responses toward a cellular or Th1-type of response,
ome evidence exists that damage to the skin can bias a
esponse to a Th2 or humoral type of response (Kondo et
l., 1998). Determination of cytokine profiles after delivery
f gold beads into the epidermis may make it possible to
orrelate local cytokine production and subsequent im-
une responses.
Examination of protein expression from plasmid deliv-
red with the gene gun revealed that in the tissues
xamined, the presence of the majority of the gold in the
ore of the gene gun shot did not correlate with the
ighest expression of plasmid. GFP expression occurred
ainly outside the core of the shot, where it was limited
o the upper regions of the epidermis. Possibly, the gold
articles did not retain the plasmid as they pass through
he various skin layers, or there may be increased pro-
ein turnover or reduced transcription in the basal epi-
ermal cells. Regardless, the absence of protein expres-
ion in the lower segment of the epidermis may be the
eason why immune responses in ruminants were lower
han those in the mouse model. Our experiments dem-
nstrated that mice can be readily immunized with the
ene gun, but in cattle, even after receiving 10–100 times
s much plasmid, a secondary immunization was re-
uired to generate serum antibody. Some reports sug-
est that the resident dendritic, or Langerhans, cells are
mportant targets for plasmid (Bancherau et al., 1998;
linman et al., 1998; Porgador et al., 1998). In mice and
umans, Langerhans cells are present throughout the
pidermis. In ruminants, however, they are resident at
he basal region of the epidermis (Townsend et al., 1997),
nd our delivery conditions do not appear to efficiently
arget these cells. Our current goal is to improve delivery
f the plasmid to target dendritic cells, which may not
nly enhance immune responses but also be used to
irect the response if dendritic cells resident in different
natomical locations induce different types of responses
Fazekas de St. Groth et al., 1998).
The immune responses generated in cattle suggest
hat gene gun-based delivery can be an effective method
o generate protective immune responses in this spe- oies. Although the delivery must be optimized, the re-
ponses of the animals showed the characteristics ex-
ected from DNA immunization, a protective immune
esponse of long duration. Variance in bead size and
iring pressure suggests that too high a firing pressure
ay be detrimental, likely because of increased damage
o the skin. This effect has also been found in mice
Eisenbraun et al., 1993).
After one shot with the optimal particle type and firing
ressure, calves immunized by the gene gun with tgD-
ncoding plasmid had proliferative responses that were
aintained for at least 12 weeks. IFN-g secretion by
BMCs was also observed, but no serum antibody was
etected. After the second immunization, the vaccinated
nimals responded with increases in antigen-specific
roliferation and serum antibody production. This obser-
ation is in agreement with a report by Macklin et al.
1998), who did not detect any antibody responses after
ene gun-based immunization of pigs with a plasmid
ncoding influenza virus HA or NP. However, influenza
irus-specific antibodies were induced after the second-
ry immunization. Although before challenge the tgD
lasmid-vaccinated calves had low levels of neutralizing
ntibodies, they showed an anamnestic response, sig-
ificantly reduced virus shedding and a rapid recovery
rom challenge. The enhanced nasal neutralizing anti-
ody titers of the vaccinated animals correlated with
igher levels of both IgG and IgA. This may be due to the
elivery into the neck in the presence of draining lymph
odes that are common to the mucosal immune system
f the respiratory tract and suggests that the neck is an
ffective site for delivery of the plasmid.
Commercially available BHV-1 vaccines can be cate-
orized into killed and modified- live virus vaccines. We
ave previously used the BHV-1 challenge model to
how that vaccination with a killed or modified-live vac-
ine results in reduced levels and duration of virus shed-
ing (van Drunen Littel-van den Hurk et al., 1997), so
hese vaccines confer a similar level of protection as the
gD DNA vaccine. Although modified-live vaccines are
sually given once, in this trial both vaccines were ad-
inistered twice, and calves were challenged 4 weeks
fter the second vaccination. Furthermore, two immuni-
ations with an experimental tgD subunit vaccine elicited
oderate, short-term antigen-specific proliferation and
igh, but transient, antibody titers. When animals were
hallenged 4 weeks after the second immunization,
hese responses resulted in a significant reduction in
irus shedding throughout the entire follow-up period
van Drunen-Littel-van den Hurk et al., 1997). However, in
ontrast to the DNA vaccine, a killed virus or subunit
HV-1 vaccine induced no protection 6 months after
econdary immunization (unpublished results). Collec-
ively, these data indicate that although in the short term,
he efficacy of the tgD DNA vaccine is comparable to that
f current BHV-1 vaccines, one of the major benefits of
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54 BRAUN ET AL.he DNA vaccine over the killed or subunit vaccines is
he long-term maintenance of the immune responses.
lthough modified-live vaccines may induce long-term
mmunity, BHV-1 outbreaks have started to occur as early
s 3 months after vaccination (Dr. D. Myers, personal
ommunication), so the long-term efficacy of the DNA
accine may also equal or exceed that of modified-live
accines. Furthermore, modified-live BHV-1 vaccines of-
en cause adverse effects, so a DNA vaccine is expected
o offer increased safety, specifically in or around preg-
ant cows. Finally, one of the advantages of using this
NA vaccine is the potential for immunizing neonates
van Drunen Littel-van den Hurk et al., 1999), which has
een difficult to achieve with current vaccines.
In conclusion, the results reported here illustrate how
ene gun-based immunization with a DNA vaccine can
nduce both humoral and cellular responses in large
nimals. The interval between immunizations is very
ractical in terms of handling of the calves. Furthermore,
he long duration of immunity is encouraging because of
he expectation that DNA immunization may overcome
roblems with the duration of the immune responses
enerated by many veterinary vaccines. Optimization of
his method with regard to the physical delivery, better
argeting into the epidermal layer, and targeting different
ites on the animal should make this form of administra-
ion very efficient. Furthermore, the tissue reaction to
old beads must be taken into account to either avoid
nwanted effects or enhance immunogenicity. These is-
ues are only of slight relevance in rodent models but
ill be important for the practical application of gene
un-based DNA immunization of humans, pets, and live-
tock. Given the versatility of this technology, once opti-
ized, DNA immunization may be able to provide pro-
ective immunity to livestock animals for a long period of
ime with a single dose and be readily adapted to the
revention of any disease.
MATERIALS AND METHODS
nimals
C57BL/6 mice were purchased from Charles River
aboratories (Kingston, Ontario, Canada) and used at
–8 weeks of age. Suffolk sheep were purchased from
he Animal Sciences Department at the University of
askatchewan and housed at the VIDO animal quarters.
ereford calves were purchased from a BHV-1 seroneg-
tive herd and housed at the VIDO Research Station. The
alves were restrained in a chute for handling and treat-
ents.
lasmids
Construction of the pSLIAtgD plasmid, which ex-
resses a truncated, secreted form of BHV-1 gD, and
SLIA0, the vector with eukaryotic control elements, has teen previously described (Braun et al., 1998). The GFP-
xpressing plasmid was obtained from Quantum Tech-
ologies (Laval, Quebec, Canada). Plasmids were puri-
ied on Qiagen (Chatsworth, CA) columns, and analyzed
n the basis of 260/280 absorbance ratios and restriction
igests.
For gene gun immunization, gold beads were coated
s described by the manufacturer. Briefly, 100-ml vol-
mes of gold beads (1.6 mm; Bio-Rad, Mississauga, On-
ario, Canada, or 1–3 mm; Aldrich, Mississauga, Ontario,
anada) in 50 mM spermidine and DNA (5 mg/mg gold)
n ddH2O were mixed together. While vortexing, 100 ml of
M CaCl2 was added dropwise to the mixture. The gold
as allowed to precipitate for 10 min at room tempera-
ure, washed three times in 100% ethanol, and dissolved
o 4 mg of gold/ml of a 50 mM polyvinylpyrrilodine (Bio-
ad) solution in ethanol. This mixture was coated to the
nside of Teflon tubing, which was cut into 0.5-inch seg-
ents and then used in the gene gun.
mmunizations
A Helios gene gun (Bio-Rad) was used for all immuni-
ations. The conditions for delivery of plasmid into the
bdominal skin of mice were 180 psi of helium, 1.6-mm
old particles, and 0.25 mg of gold per shot. To deter-
ine the optimal delivery conditions for ruminants,
.6-mm gold particles, with 0.25 mg of gold per shot, were
elivered into the skin of sheep and cattle, with firing
ressures varying between 150 and 450 psi of helium.
To assess immune responses after plasmid delivery
y gene gun, three groups of three 9-month-old calves
ere immunized with pSLIAtgD with the gene gun. All
nimals were immunized with 10 shots of 1.25 mg of
NA/0.25 mg of gold. They received either 1.6-mm gold
eads at a pressure of 300 psi, 1- to 3-mm gold beads at
00 psi, or 1- to 3-mm gold beads at 450 psi. A fourth
roup of calves consisted of pSLIA0-immunized control
alves. The group immunized with the smaller 1.6-mm
eads at 300 psi received a second immunization 12
eeks later. Animals were challenged with BHV-1 5
onths after the secondary immunization.
istology and tissue culture
For microscopy, punch biopsies from the skin were
laced in formalin. For hematoxylin and eosin staining,
amples remained in formalin until processing, and for
luorescent microscopy, skin plugs were kept in formalin
or 2–3 h, washed in PBS, frozen in 30% sucrose, and
tored at 270°C. Hematoxylin and eosin slides were
repared by the histology facility at the Western College
f Veterinary Medicine (University of Saskatchewan). For
luorescent microscopy, tissues were sliced frozen on a
initome (IEC, Needham Heights, MA) and viewed withhe aid of a fluorescent microscope.
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55PARTICLE-MEDIATED DNA IMMUNIZATION OF RUMINANTSLISA and neutralization assays
For ELISAs, polystrene microtiter plates (Immulon 2,
ynatech Laboratories, Gaithersburg, MD) were coated
ith 0.05 mg of affinity-purified tgD (Van Drunen Littel-van
en Hurk et al., 1993, 1997) per well and incubated with
erially diluted bovine sera. Alkaline phosphatase-con-
ugated goat anti-bovine IgG (Kirkegaard and Perry Lab-
ratories, Gaithersburg, MD) was used as the detecting
ntibody. The reaction was visualized with p-nitrophenyl
hosphate. Antibody isotypes were determined in an
ndirect ELISA using tgD-coated plates and isotype-spe-
ific antibodies (VMRD, Inc., Pullman, WA). ELISA values
re the optical density measured at a specific serum
ilution after subtraction of the optical density for a
egative control serum.
The neutralization titers in the bovine sera were de-
ermined as previously described and expressed as the
eciprocal of the highest dilution of antibody that caused
50% reduction of plaques relative to the virus control
Van Drunen Littel-van den Hurk et al., 1993, 1997).
ymphoproliferation and ELISPOT assays
Bovine blood was collected into citrate-dextran and
BMCs were isolated onto Ficoll–Paque PLUS (Pharma-
ia, Mississauga, Ontario, Canada). PBMCs were dis-
ensed at 3.5 3 106 cells/ml of culture medium consist-
ng of MEM (GIBCO BRL), 10% FBS (Sigma Chemical
o.), 2 mM L-glutamine, 50 mg/ml gentamicin, and 5 3
025 mM 2-mercaptoethanol. Subsequently, 100-ml vol-
mes were dispensed into the wells of microtiter plates.
urified gD at 1 mg/ml was added in a 100-ml volume to
riplicate wells. After 4 days in culture, the cells were
ulsed with [methyl-3H]thymidine (Amersham, Oakville,
ntario, Canada). The cells were harvested 18 h later,
nd thymidine uptake was measured by scintillation
ounting. Proliferative responses were calculated as the
eans of triplicate wells and expressed as stimulation
ndex (counts per min in the presence of antigen/cpm in
he absence of antigen).
For ELISPOTS, PBMCs were cultured for 24 h in the
resence of 1 mg of gD, washed twice, and resuspended
o 106 and 107 cells/ml in culture medium. Nitrocellulose
lates (Millipore, Bedford, MA) were coated for 2 h at
oom temperature (RT) with a monoclonal antibody spe-
ific for bovine IFN-g and 100 ml of each cell suspension
as added to triplicate wells. After an overnight incuba-
ion at 37°C, the plates were incubated with rabbit serum
pecific for bovine IFN-g for 2–4 h at RT. Subsequently,
he plates were incubated for 2 h at RT with biotinylated
at anti-rabbit IgG (Zymed, San Francisco, CA), followed
y 2 h at RT with streptavidin-conjugated alkaline phos-
hatase (GIBCO BRL). The spots were visualized with
ubstrate consisting of 5-bromo-4-chloro-3-indolyl phos-
hate and nitroblue tetrazolium (Sigma Chemical Co.).
fter 30–60 min at RT, the plates were washed in ddH2Ond air-dried before counting the number of stained
pots in the wells with a dissecting microscope. IFN-g-
ecreting cells were expressed as the number of spots
er 1 3 106 cells.
iral challenge
Each calf was exposed for 4 min to an aerosol of 107
FU/ml of BHV-1 strain 108, which was generated by a
eVilbis Nebulizer (model 65; DeVilbis, Barrie, Ontario,
anada) as described previously (Van Drunen Littel-van
en Hurk et al., 1997, 1998). Nasal secretions and serum
amples were collected at regular intervals after chal-
enge and virus levels in the nasal samples were quan-
ified by plaque titration as described previously (Van
runen Littel-van den Hurk et al., 1993, 1997).
tatistical analyses
Data were entered into a database in the statistical
nalysis program Instat GraphPAD. Differences between
he means of experimental groups were analyzed using
n independent, two-tailed t test at the level of P , 0.05.
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